a Background Recent studies have found that cotinine is a better predictor of birthweight than the number of cigarettes smoked in pregnancy. In this paper we test this hypothesis and use cotinine to explore the effect of environmental tobacco smoke (ETS) on birthweight.
Maternal cotinine level during pregnancy and birthweight for gestational age
Background Recent studies have found that cotinine is a better predictor of birthweight than the number of cigarettes smoked in pregnancy. In this paper we test this hypothesis and use cotinine to explore the effect of environmental tobacco smoke (ETS) on birthweight.
Methods
In all, 1254 white women were interviewed at booking, 28 and 36 weeks about the number and brand of cigarette smoked. Cotinine was assayed from blood samples taken on the day of interview. The outcome was birthweight for gestational age.
Results
There was good agreement between self-reported smoker/non-smoker status and maternal cotinine with 1.3% women mis-reported as non-smokers at booking, 0.6% and 1.8% mis-reported at 28 and 36 weeks respectively. Among smokers, cotinine was more closely related to birthweight than the number of cigarettes smoked at all three time points (r = -0.25 versus r = -0.16 at booking). A reduction in cotinine between booking and 28 weeks was associated with increased birthweight but the effect was not statistically significant. Among non-smokers the association between birthweight and cotinine was not statistically significant after adjusting for maternal height, parity, sex and gestational age. Difference in mean birthweight between non-smokers in the lower and upper quintiles of cotinine was 0.2% (95% CI: -2.4, 2.8). Pooling the results of 10 studies plus our own gave an estimated difference in mean birthweight between women unexposed and exposed to passive smoke of 31 g (95% CI: 19, 44). Conclusions Cotinine is a better predictor of birthweight than the reported number of cigarettes smoked. If biochemical analysis is impossible, then self-reported smoking habit should be obtained prospectively using a structured approach. Any effect on birthweight of maternal passive smoking during pregnancy is small compared with the effects of maternal active smoking. Keywords Serum cotinine, smoking, passive smoking, pregnancy, birthweight, meta-analysis Accepted 15 December 1997
The relationship between smoking and reduced birthweight is well established 1 " 4 and shows that on average smoking during pregnancy is associated with a reduction in mean birthweight of about 200 g. There is strong evidence that this relationship is causal including intervention studies showing increases in birthweight associated with reductions in smoking. 5 In addition, there are now several published papers reporting that passive smoking reduces birthweight. These range from studies claiming rather large effects 16 In addition, the number of recordings made during pregnancy 17 and the issue of prospective (i.e. during pregnancy) 17 versus retrospective (i.e. after delivery) 2 ' 3 collection of data is pertinent. Because of the variable quality of smoking data obtained from questionnaires, recent studies have used serum cotinine as an objective measure of smoke exposure in investigating associations of smoking and outcome of pregnancy. 18 -19 Both Haddow and Bardy reported better correlations with outcome of pregnancy using serum cotinine than using smoking history obtained from subjects themselves. 18 ' 19 They showed that a significant number of women mis-reported their smoking habit and therefore concluded that self-reported smoking habit was unreliable. The St George's Birthweight study 20 included questionnaire smoking data collected at three points during pregnancy in the form of both number and brand smoked, giving an estimate of the delivery of nicotine, tar and carbon monoxide. The study found a closer association with reduced birthweight for cigarette yield as opposed to the number smoked, and that the best relationship was given by a combination of both yield and number. 21 Samples of blood were taken from the St George's women at three points in pregnancy and the plasma was stored at -80°C until they were assayed for cotinine. 22 This paper attempts to answer the following questions: (1) Is cotinine a better predictor of birthweight than the reported number of cigarettes smoked? (2) Does the addition of information on yield of cigarette to the number smoked, improve the predictive power of reported smoking habit relative to cotinine? (3) Using cotinine, what is the evidence for an increase in birthweight among women who reduce their tobacco intake during pregnancy? (4) What is the evidence for an effect of passive smoking exposure on birthweight?
Methods
A consecutive series of 1860 women booking for antenatal care at St George's Hospital, between August 1982 and March 1984 were asked to take part in the study. Criteria for exclusion were: non-white race, poor ability to speak English, age <I5 years, insulin dependent diabetes mellitus, multiple pregnancy and presentation later than 24 weeks gestation. Of the 1860 eligible women, 1254 women are included in this report. Losses were due to refusal (136), spontaneous abortion (53), change of residence (54), missing blood samples (198) , missing data on smoking (165). For analyses including birthweight a further 110 women with missing data were excluded.
The women were interviewed by trained research interviewers using a structured questionnaire at three points in pregnancy: booking (mean 14 weeks), 28 and 36 weeks gestation. They were asked about the number of cigarettes smoked daily and the brand smoked in the week prior to interview. To uniquely identify the brand smoked, current smokers were asked to show a pack. If they were unable to, they were asked the colour of the pack and the cigarette length and tar group in addition to the name. From this information, the tar, nicotine and carbon monoxide yield was deduced from the Government Chemist's analysis. At booking women were asked 'does anyone else living in your house smoke?' Extensive social, behavioural and psychological data were also obtained from the questionnaires but are not included in this report. A detailed obstetric history was taken from the structured hospital record.
The outcome measure for this analysis was birthweight adjusted for gestational age, which indicates fetal growth. The adjustment was achieved by taking the ratio of observed birthweight to that expected from an external standard. Further adjustment for the biological factors, maternal height, parity and sex of infant was done using multiple regression. A full account of this methodology is available elsewhere. 24 Since all the mean adjusted birthweight ratios are close to 1.0, differences between these ratios are equivalent to percentage differences: for example, the difference between the birthweight ratios 1.04 and 1.01 is 0.03 which implies that the difference between the two mean birth weights is 3%.
There are two main advantages of cotinine over reported smoking habit. First, as an objective measure of nicotine intake it enables smoking to be measured among those who would otherwise conceal their habit. Second, it provides a quantitative estimate of the actual smoke intake among both active and passive smokers. Hence in comparisons of questionnaire smoking data with plasma cotinine we included all subjects, including those who may not have reported their smoking habits accurately. Relationships between birthweight and cotinine and number and yield of cigarette smoked were examined among self-reported smokers only. This avoided the inclusion of women for whom both number and yield would be zero and therefore provided a better estimate of the effect of dose.
In two-way tables of mean birthweight by cotinine and number or yield smoked, we selected the categories to equalize the marginal totals for both the row and column variables. Multiple regression analysis was used to disentangle the relationships between birthweight and cotinine and reported number and yield smoked. Cotinine and number of cigarettes smoked were both log-transformed because of their skewed distributions.
The effect on birthweight of changes in smoking habit between booking and 28 weeks and between booking and 36 weeks gestation was examined by regressing birthweight on average cotinine level and the change in cotinine between the two time points. This enabled the effects of changing smoking habit to be examined alongside the effects of average smoking.
The effect of environmental tobacco smoke (ETS) exposure on birthweight was investigated among 827 women who claimed not to have smoked in pregnancy and who had a cotinine level <15 ng/ml (a suggested cutoff for active smoking ). To maximize power in these analyses we used a combined measure of exposure for each woman. Since there was a decline in mean cotinine level as pregnancy progressed we: (1) adjusted all booking and 36 week values to 28 week values and (2) calculated a geometric mean of all available adjusted values for each woman.
The results of previous studies and our own were pooled to give an overall estimate of the effect of passive smoke exposure. The individual estimates of the difference in mean birthweight between women not exposed and exposed to passive smoke were weighted inversely according to the variance. Adjusted mean differences in birthweight from individual studies, were used when available. Two studies could not be included because of (1) missing denominators 12 and (2) an outcome which could not be converted to grams birthweight. 27 The homogeneity of the 11 individual studies was assessed using I(X| -x) /var(xj) where Xj are the individual study differences, x is the pooled estimate and var(Xj) is the variance of the difference. This statistic follows a x 2 distribution with 10 degrees of freedom under the null hypothesis of homogeneity.
Statistical analyses were performed using PROC GLM in SAS. No.
No.
No.
* Subjects induded were those at each time point with cotinlne measures and questionnaire dgarette data enabling a smoldng status to be determined.
Results

Baseline data
The numbers of cotinine assays available at booking, 28 and 36 weeks of pregnancy were 1254, 1097 and 990 respectively. There was a strong positive correlation between cotinine measures at booking and 28 weeks ( Figure 1 ) but with some scatter within individuals, intra-class correlation coefficient = 0.91. There were similar relationships between booking and 36 weeks and between 28 and 36 weeks.
Questionnaire smoking data and cotinine Table 1 shows the distribution of cotinine measurements by reported smoking status at three points in pregnancy. Using 15 ng/ml as the cutoff between active and passive smoking, it is dear that the agreement between questionnaire smoking status and cotinine level is very good. At booking, 16/1254 (1.3%) women reported not smoking but had cotinine levels > 15. Similarly low numbers of mis-reported non-smoking were made at 28 and 36 weeks (7/1097 = 0.6%, 18/990=1.8% respectively). Four of these women mis-reported smoking habit at all three time points and three at two time points. Slightly more women reported that they smoked but had low cotinine levels, (4.8%, 4.3%, 4.9% respectively). However, these women were mostly occasional smokers, consuming two or fewer cigarettes per day. Table 2 shows geometric mean cotinine by reported number of cigarettes smoked and yield (as nicotine delivery of the brand) 
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No. at booking. The relationship between mean cotinine and number smoked appears stronger than with the yield of the cigarette smoked. Mean cotinine increased as the number smoked increased from 1 to 17 cigarettes/day but tended to level off thereafter independently of the yield of cigarette smoked. However, mean cotinine was generally lowest for the lowest yield but tended to be highest for the middle yield group independently of the number smoked. These patterns were similar overall for each of the three time points and were confirmed by regression analyses of cotinine on nicotine yield and number of cigarettes smoked among smokers. These showed that at booking, nicotine yield was not a significant predictor of cotinine level (P = 0.80) in contrast to number smoked (P = 0.0001). At 28 weeks the effect of yield was stronger but not significant (P = 0.06), and number remained important (P = 0.0001). At 36 weeks both number and yield were independent predictors of cotinine level (P = 0.02, P = 0.0001 respectively) and their interaction was also highly significant.
Relationships with birthweight for gestational age
Among smokers, mean adjusted birthweight ratio was inversely related to cotinine level, decreasing from 1.01 to 0.96, equivalent to a drop of 5% in birthweight across the four cotinine categories (Table 3) . A similar but weaker association was seen with the number smoked, with birthweight falling from 1.01 to 0.99, a 2% drop, over the four cigarette categories. The effect of cotinine on birthweight was evident within each cigarette group whereas an additional effect of number of cigarettes was less clear within the cotinine groups. When the effects of nicotine yield and cotinine were compared (Table 3 ) each were associated with a 5-6% drop in birthweight across the four categories. There was some evidence for additional effects of nicotine within cotinine groups and cotinine within nicotine groups but trends were not consistent. Multiple regression confirmed an additional effect of yield over cotinine at booking (Table 4 , model 6). Indeed the effects of cotinine and nicotine yield at booking appeared to be independent having very similar regression coefficients in the single variable and the multivariable models. However, there was no evidence for an additional effect of yield over cotinine at 28 or 36 weeks (Table 4 , model 6). When birthweight was regressed on both cotinine and number, cotinine remained significant whereas number was not significant at any time point (Table 4 , model 3). For cotinine alone, the strongest association with birthweight was for cotinine at 36 weeks gestation with a 20% increase in the regression coefficient compared with booking (Table 4 , model 1).
Changes in smoking
When considering cotinine at booking and 28 weeks, the regression coefficient for average cotinine was similar in size to that of the difference in cotinine but of opposite sign (Table 5) . Only the coefficient for average cotinine was statistically significant. For booking and 36 weeks, the regression coefficient for average delivery was again negative and significant and the coefficient for change in cotinine was positive; halved in magnitude but not statistically significant.
Passive smoking
The distribution of cotinine level at booking among non-smoking women who did and did not report passive smoke exposure at Figure 2 . Women exposed at home had higher levels of cotinine than those not exposed but there was substantial overlap. For three women not exposed at home there was evidence of relatively heavy recent exposure (cotinine >3 ng/ml), while among the exposed there were a considerable number with only very light recent exposure including some undetectable levels.
Mean (unadjusted) birthweight was lowest in the upper quintile of exposure with a mean difference in birthweight between the least and most heavily exposed non-smoking women of 73 g (95% CI : -28, 174) ( Table 6 ). Increasing exposure was associated with decreasing maternal age, height and parity and increased body mass index at booking. After adjusting birthweight for gestational age, the trend was weaker and no longer significant. When birthweight ratio was further adjusted for sex of infant, maternal height and parity, the trend was inconsistent and not significant. The difference in adjusted birthweight ratio between the least and the most exposed groups was 0.002 equivalent to 0.2% (95% CI : -2.4, 2.8%).
Meta-analysis
We compared our findings with those of other studies (Table 7) . One study has shown large effects that remained after adjustment for age, education, height, parity, sex and weight, although gestational age was not controlled for. 7 Otherwise, most of the studies have shown relatively small effects after adjusting for confounders, with statistical significance determined by the sample size. 6 ' 8 " 12 ' 27 ' 29 " 32 The pooled estimate of difference in mean birthweight between the unexposed and exposed women across 11 studies was 31 g (95% CI : 19, 44) (Figure 3 ). There was no evidence for statistical heterogeneity (x 2 = 12.9, 10 d.f., P = 0.23).
Discussion
Cotinine as a predictor
This study confirmed the findings of Haddow 18 and Bardy 19 that cotinine is a better predictor of birthweight for gestational age than the reported number of cigarettes smoked. Mean adjusted birthweight ratio for self-reported smokers with cotinine Mean difference in birthweight (g) Figure 3 Differences in mean binhweight (g) among non-smokers unexposed and exposed to passive smoke.
Results from 11 studies and the pooled value with 95% confidence intervals levels >190 ng/ml (19% of smokers) was 3% lower than for women smoking >17 cigarettes per day (19% of smokers) The univariate correlations for birthweight and cotinine and birthweight and number of cigarettes smoked in our study were of a similar magnitude to those of Haddow 18 (binhweight and cotinine r = -0.25 [present study] versus r = -0.23 [Haddow] ; birthweight and number of cigarettes r = -0.16 [present study] versus r = -0.19 [Haddow] ).
Effects of nicotine yield
Relationships between cotinine level and number of cigarettes smoked and nicotine yield were seen in later pregnancy, although reported smoking only explained 36% of the variation in cotinine level. In early pregnancy, number smoked but not nicotine yield was related to cotinine. Coupled with this was the finding that in early pregnancy yield exerted an additional influence on birthweight to cotinine, but that this effect was not apparent in later pregnancy. There is a high positive correlation between nicotine, tar and carbon monoxide yield in cigarettes. 21 Thus these findings might be due to another constituent of tobacco smoke, such as carbon monoxide (for which nicotine yield is a marker) affecting the fetus in early pregnancy. There are some indications that the damage observed in smokers' placentas is not entirely due to nicotine. Further there is some evidence for different causa] pathways for adverse effects of smoking on binhweight at different stages of pregnancy. Nicotine is associated with increased fetal hean rate during the second trimester but with reduced hean rate in the third, leading to hypoxia 54 and as a vasoconstrictor nicotine affects the placental circulation both acutely and chronically by reducing blood flow.* 4 Other constituents of tobacco which might play a pan include cyanide (metabolic effects), cadmium (impairs placenta growth and functioning) and carbon monoxide (impairs oxygen availability).
M Effects of carbon monoxide on tissue oxygenation in early pregnancy might lead to embryonic damage or impaired fetal development. 35 Alternatively nicotine yield may act as a proxy for some other aspect of lifestyle related to birthweight. For example, choice of higher yielding brands is more common in women from lower socioeconomic groups, although birthweight was not related to demographic factors in this study.
20
Reducing smoking
Our study lacked power to be conclusive about the effects of reducing smoking. However, our findings do show that a reduction in cotinine between booking and 28 weeks is associated with a similar size effect as that for the average cotinine, i.e. that reducing intake has a mitigating effect on birthweight. When considering change in cotinine between booking and 36 weeks, the regression coefficient was half that for the average intake suggesting a smaller benefit from reducing smoking later in pregnancy. These findings are consistent with clinical trial 36 and observational study data 37 ' 38 and reinforce the message that reducing tobacco smoke intake during pregnancy is worthwhile.
Comparison of reported smoking habit with cotinine
It seems reasonable to expect cotinine to provide a better estimate of tobacco smoke intake than the reported number smoked since as a biochemical measure it is not subject to reporting bias, whether intentional or not. The questionnaire data in our study gave an accurate prediction of smoking status. Reported smoking habit as smoker/non-smoker correlated closely with cotinine level using 15 ng/ml as the cutoff between active and passive smoking. In addition correlations between questionnaire data and birthweight were not very much weaker than for cotinine. We believe that this was due to the careful way the smoking data were collected in our study. Women were interviewed in a private room at three points in pregnancy by trained interviewers who were not members of the routine antenatal care team and were asked about both number and the exact brand smoked in the previous week so that cigarette constituent yields could be determined. We conclude that cotinine is a better measure of tobacco smoke intake, but that if biochemical analysis is impossible then reported smoking habit can provide a good estimate if it is collected in a careful and structured way.
The analyses of effects of smoking on birthweight using cotinine provided no evidence for the threshold effect observed when number and yield were used. 21 
Passive smoking
Our data provide no support for a substantial effect of maternal passive smoking on birthweight. After adjustment for confounding variables mean birthweight was 0.2% lower (equivalent to approximately 7 g) among the most highly exposed women compared with the least exposed group. The 95% CI was -2.4% to +2.8% (equivalent to -83 to 97 g) and indicates that while our data are compatible with no effect, we cannot rule out larger effects on the basis of our data alone. We have therefore compared our findings with those of other studies and found that while one study has shown large effects, most showed effects of moderate size. The pooled estimate suggests that the effect of maternal passive smoking on birthweight is small compared with effects of active maternal smoking in pregnancy. However, we would not wish to imply that paternal smoking poses no risk for the child, since postnatally, meta-analyses have shown important adverse effects of both maternal and paternal smoking on lower respiratory illness in infancy 39 and on sudden infant death syndrome. 40 If effects of passive smoke exposure are not due to residual confounding then two possible explanations have been proposed. Firstly active smoking by the father might affect sperm" and secondly that low levels of exposure in the mother build up in the fetus. If the effect is mediated via sperm damage then women only exposed outside the home should show smaller effects. This is not supported by Fortier's study. 27 The second possibility seems unlikely given that light active smokers are widely observed to have a lower reduction in birthweight than heavy active smokers.
